date, HDAC activity has not been reported for the puri-1C). Mass spectrometry analysis identified these four proteins as SU(Z)12, E(Z), NURF-55, and ESC. SU(Z)12 fied fly ESC-E(Z) complex. The presence of a SET domain in the E(Z) protein is the product of a recently discovered PcG gene (Birve et al., 2001) and was not previously linked to PcG com-(Jones and Gelbart, 1993) suggests that the ESC-E(Z)
antibody) were generated and affinity-purified. The antiWe purified an embryonic ESC-E(Z) complex and find bodies were used to track SU(Z)12 enrichment during that it contains four core subunits: ESC, E(Z), NURF-55, purification and to verify its presence in the embryonic and the PcG protein, SU(Z)12. A complex reconstituted complex ( Figure 1B ).
from these four proteins has H3-K27-directed HMTase If SU(Z)12 is tightly associated with the ESC-E(Z) comactivity. Residues in the E(Z) SET domain are required
plex, we would expect coimmunoprecipitation and cofor HMTase activity in vitro and HOX gene repression fractionation with these partner components in crude in vivo. These results identify a catalytic activity of a nuclear extracts. Indeed, coimmunoprecipitation of PcG complex and imply that histone methylation is part SU(Z)12, E(Z), and FLAG-ESC, but not BEAF, is observed of the mechanism of PcG transcriptional memory during using either of the anti-SU(Z)12 antibodies or anti-E(Z) development.
antibody (Figure 2A ). Gel filtration chromatography shows that the bulk of embryonic SU(Z)12 cofractionates with E(Z) in a peak of about 600 kDa ( Figure 2B Figure 3C ) and the specific activities are similar in gradient-purified Reconstituted ESC-E(Z) Complex Has Histone Methyltransferase Activity fractions versus the affinity-purified gradient input material. We conclude that the rESC-E(Z) complex has To determine whether ESC, E(Z), NURF-55, and SU(Z)12 form a stable complex and whether this complex has HMTase activity specific for histone H3. A preparation of ESC-E(Z) complex isolated from embryos also had HMTase activity, we reconstituted the complex using recombinant proteins expressed in Sf9 cells from bacu-H3-directed MTase activity (data not shown), consistent with the function of the recombinant complex. loviruses. When FLAG-ESC, E(Z), NURF-55, and SU(Z)12 were coexpressed, a stable complex containing each
In addition to H3, we note that E(Z) and SU(Z)12 were also methylated in our reactions ( Figure 3D ). This methylsubunit could be isolated by FLAG affinity-purification ( Figure 3A ). This complex was stable in buffers conation activity is stimulated by histones or chromatin and the levels of E(Z) and SU(Z)12 methylation correlate well taining up to 2 M KCl. Figure 3B shows that this recombinant ESC-E(Z) complex [rESC-E(Z)] can methylate hiswith the level of histone methylation in the reaction. Thus, like other enzymes that covalently modify histones tone H3 using either polynucleosomes or free histones as a substrate; the complex is at least four times more (e.g., Imhof et al., 1997), rESC-E(Z) can also methylate other proteins. active on nucleosomes than free histones. Under the conditions used, the preparations transferred the methyl We also purified FLAG-E(Z) as an isolated protein and To determine whether the HMTase activity of rESC-E(Z) proper folding of the overexpressed protein or trace contaminants. Since E(Z) production using the same depends on the E(Z) SET domain, we constructed point mutations predicted to disrupt activity. Thus, E(Z) prosystem with its partners yields highly active preparations ( Figure 3B) , we favor the idea that assembly with other teins bearing missense mutations in R699 or H703 (underlined residues) were assembled into recombinant subunits of the ESC-E(Z) complex somehow enhances HMTase activity of E(Z). The fact that intact complex complexes and assayed for activity. Figure 5 shows that these mutant proteins form stable complexes but that prefers arrays as substrate, while isolated E(Z) prefers free histones, also supports this idea.
the HMTase activity is disrupted by all four mutations tested. Methylation of SU(Z)12 and E(Z) was also disFour lysines have been demonstrated to be sites of H3 methylation in vivo: K4, K9, K27, and K36 (reviewed rupted by these mutations. We conclude that the HMTase activity of the ESC-E(Z) complex is mediated in Zhang and Reinberg, 2001). To determine which residue(s) are methylated by rESC-E(Z), we performed in by the SET domain of E(Z). vitro methylation on polynucleosomes and then used Edman degradation to identify radiolabeled residues.
Mutations that Impair E(Z) HMTase Disrupt HOX Gene Silencing In Vivo This analysis identified K27 as the major site of methylation by rESC-E(Z) ( Figure 4A) .
If HMTase activity of the ESC-E(Z) complex is required for transcriptional repression, then mutations that inactiTo independently address the lysine specificity, we We next tested whether a regular supply of wild-type either the hsp70-E(z), the hsp70-E(z) H703K , or the hsp70-E(z) R699H 
transgene. E(Z) is not detected in the non-heat-E(Z), expressed from a heat-inducible hsp70-E(z) transgene, can rescue HOX gene silencing in E(z)
731 mutant shocked larvae, suggesting that stable E(Z) protein is not produced from the E(z) 731 allele ( Figure 6C , see also clones. We induced clones in larvae carrying the hsp70-E(z) transgene and, beginning at time of clone induction, Experimental Procedures). Extracts from heat-shocked larvae show that full-length E(Z) proteins are indeed we heat-shocked every 12 hr over a 96 hr period and then analyzed the clones for UBX. This regular supply of produced from each of the three transgenes at comparable levels ( Figure 6C) . Thus, the failure of the E(Z) Figure 6B, second image) , whereas imaginal discs from similarly treated control larvae lacking the transgene show strong UBX misexDiscussion pression (Figure 6B, top) .
H703K wild-type E(Z) completely restores HOX gene silencing; UBX is not detected in mutant clones containing the and E(Z) R699H proteins to provide HOX gene repression is likely due to their lack of HMTase activity. hsp70-E(z) transgene (
We then generated hsp70-E(z) H703K and hsp70-E(z)
R699H
Understanding the role of PcG proteins in maintaining gene expression patterns requires understanding the transgenes to analyze their rescuing capacity in the The ESC-E(Z) complex methylates H3 with primary specificity for K27 in both chromatin assembled from contains the PcG proteins ESC, E(Z), and SU(Z)12; this complex can methylate residue K27 of histone H3; and purified HeLa histones and in recombinant histones (Figure 4) . The complex might also have H3-K9-directed E(Z) mutations that disrupt ability to methylate K27 also impair maintenance of HOX gene repression. These reactivity since we consistently observe a small peak in this region following analysis by Edman degradation sults suggest that methylation is a necessary function ( Figure 4A ). The low level of K9-directed methylation in of the ESC-E(Z) complex and that methylated histone these experiments could derive from a contaminating H3 is an epigenetic mark that helps propagate the PcG activity, although very little methylation of the K27A hissilenced state.
tone H3 mutant that has intact lysine 9 was observed ( Figure 4B (lanes 4-9) . Lanes 5, 7, and 9 contain extracts from larvae that were heat-shocked for 1 hr. E(Z) protein is not detected in E(z) 731 homozygotes (lanes 3-9) except in heat-shocked larvae bearing indicated transgenes. Comparable amounts of larval extract were loaded in each lane.
determinants that dictate ESC-E(Z) specificity for H3
could influence chromatin more generally by altering adjacent nucleosome interactions needed to package sites in vivo, which might include other histone modifications or interactions with other proteins. the chromatin fiber.
It is possible that proteins other than histone H3 are important targets for methylation by the ESC-E(Z) com-

Role of Methylation in PcG Function
plex. We observe some methylation of E(Z) and Su(Z)12 Histone H3 is an attractive candidate to be the primary in our reactions ( Figure 3D NaF, 1 mM ammonium molybdate, 1 mM benzamidine, 0.1 mM PMSF, and 2 g/ml aprotinin) and centrifuged to remove particulates. Up to 100 mg of nuclear proteins were fractionated on a Figure 1A and the other by direct M2 affinitypurification of embryo nuclear extracts. The total number of peptides plexes represents an evolutionary ancient mechanism identified for each protein was as follows: ESC: 10, E(Z): 10, NURF
Conservation of ESC-E(Z)-SU(Z)12
